Introduction
The expanding neutrino program at Fermilab has created a demand for proton intensities greater than the existing injector complex (400 MeV Linac, 8 GeV Booster synchrotron and 120 GeV Main Injector synchrotron) has ever produced 1 MeV, are kicked into the Booster beam pipe prior to acceleration to minimize losses during extraction at 8 GeV. The Linac extraction problem is similar; in this case the beam is simply swept across the septum magnet with no effort at beam loss mitigation.
In both of these cases localized losses are created at 400 MeV, which was only acceptable because of the low repetition rates of these machines, < 5 Hz. These high-energy extraction losses in both the Linac and Booster can be reduced or eliminated by notching the low-energy beam at the ion source. The magnetron utilizes a slit extraction system which is mounted 2. To notch the H -beam, the extractor has been split length wise and the two halves are connected to 50 ohm transmission lines which can be pulsed to ±700 V creating a 1400 V gradient across the extractor 7 . This system electrically floats on top of the pulsed extractor voltage and is controlled using a fiber optic network. 
Experimental Results

Notch Tail Minimization
Until recently beam notching has been studied primarily in the transport line following the 750 keV HV column using current transformers with 50 ns response times. A series of notches in a 60 mA beam is shown in Fig. 1a . The notch period is 2.2 µs, closely matching the ion revolution period at injection in the Booster. In this measurement, the beam extinction is around 70%. Three meters upstream the extinction is only 55% 5 suggesting that ions continue to fall out of the notch in transit, most likely due to off axis trajectories leading to collisions with beam pipe apertures. The notch fall times are consistently around 56 ns, in good agreement with T beam . Unfortunately, the full recovery time is comparable to the notch period resulting in an average reduction in current of roughly 2-3 mA. This slow recovery also means that the Booster fill will not be uniform.
In this case, the Booster accelerating buckets just after the notch will be under filled by as much as 50% (See Fig. 4 below) . A closer view of a single notch is shown in Fig. 1b for five different pulse input widths between 0 and 120 ns. The first thing of note is there are two distinct time constants involved in the beam recovery. The fast rise times are similar to the fall time at 56 ns while the slow recovery times are several microseconds.
Secondly, the slow recovery depends on the notch width with narrower notches giving the best overall performance. This evidence suggests further improvements in the electrical rise and fall times will be beneficial as they ultimately limit the width of the HV pulse.
Under the assumption that the long notch tail is related to a space charge problem, similar to that observed by BNL 2 , increasing the number of positive ions in the extraction region should reduce the recovery time. Achieving this requires increasing the pressure in the extraction region which linearly increases H -stripping 8 and to some extent changes the source operating conditions. Figure 2 shows this linear reduction in beam current with increased operating pressure. In this case, the pressure rise was achieved by increasing the hydrogen gas flow through the Magnetron. Free-hand digital area analysis of the space above each beam trace in the slow recovery region of the notch out to 700 ns after 6 the fast rise was carried out using ImageJ 9 . In a plot of these results, roughly a linear improvement in the beam recovery is observed with increased pressure. Furthermore, notching efficiencies at this location improved from 83% for the 60 mA beam to 91% and 93% for the 51 and 40 mA beams respectively. Reducing the beam current by retuning the extraction voltage and/or bending magnet did not produce changes in the recovery time. Attempts were also made to increase the pressure in the source region independently of the source gas using hydrogen and krypton. To date, these tests have lead to sparking of the extractor before any change in the beam recovery time was observed. Nonetheless, since a clean Magnetron runs well up to about 4.0 mPa, optimization of the notch may be achieved by maximizing the gas flow through the source assuming the average beam current remains sufficient for operations.
Beam induced capacitive-loading can be discussed in terms of a simple circuit diagram of the ion source region, shown in Fig. 3 , which includes the HV isolation, pulsed power supplies, 50 ohm loads, capacitances between the electrodes, and the location and direction of the beam. Based on this circuit, it is clear that independent beam loading of one extractor electrode should not occur and that possible ring times should be in the 10's of ns range. To verify this conclusion a differential measurement of the voltage across the split extractor was carried out using an oscilloscope floated at the extraction potential.
No more than 2 volts appeared on the plates after HV pulsing, sufficiently small to be ignored. 
Discussion
Booster Experiments
Testing of Linac and Booster operations with notched beam from the ion source has just started. In Fig. 4 (5%). In these tests, efforts were made to add a partial turn to compensate for the uneven fill of the Booster acceleration buckets. The effect of this can be seen in Fig. 4 by the increased amplitude on both sides of the notch. This proved only partially successful as the extra turn falls exactly on the next notch limiting the charge that can be added to these bunches. In future experiments the notch will be turned off prior to injecting the partial turn, software limits on the notch width will be removed to take advantage of the better recovery times shown in Fig. 1 and the pressure will further be optimized to minimize the long notch tail. 
